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Abstract

A rapid unidirectional method for cloning PCR-amplified cDNA fragments into virtually any fusion protein
expression vector is described. The method, termed PRESAT-vector cloning, is based on a T-vector
technique that does not require restriction endonuclease digestion of the PCR product. Subsequently, we
applied a novel ORF selection method of the ligated plasmid products. This second step involves restriction
endonuclease treatment that eliminates the plasmids containing an ORF in the wrong orientation prior to
transformation into the bacterial host for further protein expression studies. To achieve this selection, we
customized the 5’-sequence of the “rear” PCR primer corresponding to the C terminus of the protein to be
expressed. The colonies harbored only the ligated products of the desired orientation at >90% efficiency.
This method is applied to a GST fusion expression system, and an HTS system for soluble proteins from
an expression library was tested.
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With the completion of a growing number of genome se-
quencing projects (Wakeland and Wandstrat 2002; also see
http://www.ncbi.nlm.nih.gov/), the next major challenge is
to focus on the genome-wide analysis of protein structure/
function relationships (Yokoyama et al. 2000; Burley and

Reprint requests to: Hidekazu Hiroaki, Division of Molecular Biophys-
ics, Graduate School of Integrated Science, Yokohama City University,
1-7-29 Suehirocho, Tsurumi, Yokohama, Kanagawa 230-0045, Japan; e-
mail: hiroakih@tsurumi.yokohama-cu.ac.jp; fax: 81-45-508-7361.

Abbreviations: NMR, nuclear magnetic resonance; GSH, glutathione;
GST, glutathione-S-transferase; HTS, high-throughput screening; IPTG,
isopropyl-D-thiogalactopyranoside; LB, Luria Broth media; HSQC, het-
eronuclear single quantum coherence; OD, optical density; SDS-PAGE;
sodium dodecylsulfate-polyacrylamide gel electrophoresis; CDNB,
1-chloro-2,4-dinitrobenzene; PCR, polymerase chain reaction; ORF, open
reading frame.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1110/ps.03439004.

Bonanno 2002; Phizicky et al. 2003). The challenge of
studying proteins on a genome-wide scale requires the de-
velopment of high-throughput approaches in protein expres-
sion, purification, biochemical analysis, and structure deter-
mination. Cloning and expression in Escherichia coli are
favored in terms of ease of handling, rapid growth rate, and
reasonable costs. However, one major disadvantage of over-
expression of heterologous proteins in E. coli is that many
proteins tend to be expressed as inclusion bodies. In order to
carry out these studies, an HTS system is required that can
rapidly generate plasmid constructs and find successful
clones that express soluble proteins and/or protein domains.

A T-vector cloning technique is one of the most efficient
methods for subcloning of PCR products (Zhou and Gomez-
Sanchez 2000). In structural and/or functional proteomics,
the PCR-based method has become routine for the parallel
preparation of large numbers of cDNA fragments. However,
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it is well known that these PCR products are unusually
resistant to efficient cloning, especially using either stan-
dard sticky-end (Kaufman and Evans 1990) or blunt-end
cloning techniques. Thus many laboratories have chosen to
use the T-vector cloning methodology when starting their
research projects.

However, a major disadvantage of the T-vector cloning
method for the construction of expression libraries (either
direct expression or fusion-tagged vectors) is that the clon-
ing is not directional. Because the T-vector technique is
based on the formation of a single base pair between the
overhanging 3'-T and 3'-A, the population of preligated
intermediates of vector-insert complexes is equal for both
orientations of a PCR product. Thus, we developed a selec-
tion method to eliminate ligated products containing an
OREF in an undesired orientation. To achieve this, we de-
signed a locally asymmetric sequence at the T-site of the
vector.

Two distinct methods for preparing the single 3'-T over-
hang at the cloning site of the vector are reported. The first
method involves linearizing a vector with a blunt-end re-
striction enzyme, such as EcoRV, and a single thymidine is
subsequently added at the 3’ end by Taq polymerase with an
excess amount of dTTP (Holton and Graham 1991; Mar-
chuk et al. 1991; Papp et al. 1995). Alternatively, a pair of
3’ single dT overhangs is generated in a T-vector by diges-
tion using a suitable restriction endonuclease. For this pur-
pose, Xcml (Cha et al. 1993; Kwak and Kim 1995;
Borovkov and Rivkin 1997; de Vries 1998) and AspEl/
Eam1105I/Ahdl (Ichihara and Kurosawa 1993; Ido and
Hayami 1997; Jeung et al. 2002) were used. The latter en-
zymes are isoschizomers that generate a 3'-overhanging site
at the sequence 5'-GATNNN/NNATC-3’, where N repre-
sents any of the four bases. We introduced a pair of AhdI
sites in the T-vector, which allowed us to design asymmetric
sequences adjacent to the T-overhanging sites.

In this study, we propose a novel TA-cloning-based
methodology for unidirectional cloning of PCR-amplified
cDNA fragments into fusion protein expression vectors,
such as a GST expression system (Smith and Johnson
1988). In the designed asymmetric TA-cloning sites, we
engineered a potential Ncol/Ndel site only within the up-
stream position of the pair of AhdI recognition sites, but not
at the downstream position (Fig. 1A), thereby creating
asymmetric TA-cloning sites. This engineered second re-
striction enzyme site is further used for the selection of ORF
orientation, in combination with appropriately designed
PCR primer sequences and simple restriction enzyme treat-
ment before transformation. The efficiency of selectivity,
feasibility, and applicability of the method is also discussed.

Results and Discussion

Figure 1 shows the schematic representation of the selection
methodology of ORF orientation of an insert cDNA frag-

ment using a simple restriction enzyme treatment. To dis-
tinguish only the plasmid of the forward (desired) ORF
orientation from that of the reverse (undesired) orientation,
we used an inexpensive screen by restriction enzyme diges-
tion selection prior to transformation of the plasmid into the
bacterial hosts. To achieve this, we designed the 5'-terminal
nucleotides of the PCR primers as follows: the rear primer
of the PCR must start with 5'-GG or 5'-ATG sequences, and
the forward primer must not start with 5'-GG or 5'-ATG,
respectively. Because we engineered a potential Ncol/Ndel
site upstream of the TA-cloning site, a new Ncol site will
appear only when the PCR product is ligated into the TA-
cloning site in a reverse orientation, because the rear PCR
primer contains the 5'-GG sequence. Likewise, when the
rear primer starting with the 5'-ATG sequence is cloned into
the TA-cloning site of the vector, a new Ndel site instead of
the Ncol site will appear at the same place. Thus, the un-
desired ligation products, which have a reverse orientation
of insert DNA, are linearized by subsequent digestion with
either Ncol or Ndel. The linearized plasmids were then
eliminated during the subsequent transformation step (Fig.
1B). We named this novel method “PRESAT-vector” (Po-
tential Restriction Enzyme Selectable Asymmetric T-vec-
tor).

Figure 2 shows the agarose and SDS-PAGE gel of the
parallel construction of GST fusion expression vectors. To
demonstrate the efficiency of our PRESAT-vector method,
we converted a pGEX-4T3-derived GST fusion protein ex-
pression vector to the T-vector, pGEX-4T3-PRESAT. Five
genes encoding a putative protein domain of ~70 amino
acids, named “MIT” (Ciccarelli et al. 2003), were used for
the demonstration. The genes were PCR-amplified from
yeast genomic DNA, or from commercially available mouse
and human first-strand cDNAs using standard Taq polymer-
ase. Aliquots of PCR products were ligated with the linear-
ized pGEX-4T3-PRESAT. E. coli DHS5alpha was trans-
formed with the ligation mixture, and plasmid DNA con-
sisting of a mixture of the forward and reverse ORF was
prepared from liquid culture. The procedure for selecting
constructs containing insert DNA in the desired orientation
was then applied. The plasmids were digested with Ncol,
and subsequently transformed into BL21(DE3). Five colo-
nies from each of the five constructs were isolated and used
for expression experiments. A total of 23 of 25 colonies
(i.e., 92%) were shown to express fusion proteins of the
expected molecular mass (32-34 kD) by SDS-PAGE analy-
sis (Fig. 2A). Each colony expressing the GST-fusion pro-
tein of the expected size was further analyzed for protein
solubility. The whole bacterial lysate, and soluble and pellet
fraction of the sonicated lysate, were analyzed by both SDS-
PAGE and CDNB assay (Fig. 2B,C). Independently, five
colonies from all five constructs were checked by colony
PCR screening to estimate the ratio of ligated product with-
out insert (Fig. 2D). A total of 23 of 25 colonies (i.e., 92%)
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Figure 1. Concept of the asymmetric directional T-vector. (A) Construction of pPGEX-4T3-PRESAT and direct cloning of PCR product
in pGEX-4T3-PRESAT. (B) The schematic representation of the ORF selection method using potential restriction enzyme site. The
figure illustrates the case in which Ncol is chosen as the second restriction enzyme for selection. The rear PCR primer is designed with
5'-GG at the 5’ end, so that only the ligated plasmid with insert in the reverse orientation will have the Ncol site at the TA-cloning
position. For Ndel selection, the rear primer with 5'-ATG is used instead of the 5'-GG primer.

gave PCR products of the expected length. Therefore, using
our PRESAT technologys, it is possible to select and to keep
only those plasmid constructs containing insert DNA in the
forward direction, which express the soluble fusion protein.
Thus, the PRESAT strategy can significantly reduce the
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needless analysis of nonproductive clones, thereby saving
both cost and time.

For production of isotopically labeled GST-MIT fusion
protein, one of the clones harboring pGST-PRESAT-
MIT(mVps4b) was cultured in M9 minimal media with
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Figure 2. Parallel construction of the five putative protein domains as GST-fusion proteins. (A) Overexpression of GST-fusion
proteins. Whole-cell extract of randomly selected E. coli BL21(DE3) colonies carrying recombinant plasmid were analyzed on 15%
SDS-PAGE. (Lane M) Molecular standard, (lanes al—a5) yeast Vps4, (lanes b/—b5) human Vps4b, (lanes c/—c5) mouse Vps4b, (lanes
dI-d5) human Snx15a, (lanes e/—e5) mouse Snx15a. (B) Analysis of soluble and insoluble fractions of the GST-MIT fusion proteins.
s and i represent soluble and insoluble fractions, respectively. (Lane /) Yeast Vps4, (lane 2) human Vps4b, (lane 3) mouse Vps4b, (lane
4) human Snx15a, (lane 5) mouse Snx15a. (C) Colorimetric CDNB assay of soluble fractions of the five GST-MIT fusion proteins.
(Open circle) Human Vps4b, (filled circle) mouse Vps4b, (open triangle) yeast Vps4, (open square) human Snx15a, (filled triangle)
mouse Snx15a. (D) Colony PCR analysis of the randomly selected colonies carrying GST-MIT fusion vector. (Lanes a/—a5) Human

Vps4b, (lanes bI-b5) human Snx15a, (lanes c/—c5) yeast Vps4.

">N-NH,Cl as the sole nitrogen source. The fusion protein
was purified by GSH affinity chromatography and cleaved
by thrombin, and the domain of interest was separated from
GST tag using anion-exchanging chromatography. The ef-

, (lanes d1-d5) mouse Vps4b, (lanes e/—e5) mouse Snx15a.

ficiency of labeling the MIT domain of mVps4b was dem-
onstrated in "H-">N HSQC spectra (Fig. S1 of Supplemental
Material). More than 90% of backbone amide signals were
observed as nice sharp peaks in good spectral dispersion,
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indicating that the MIT domain is a structured monomeric
domain. Further structural study of related domains are un-
der investigation.
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Figure 3. Concept of HTS for the soluble GST-fusion proteins from pro-
tein expression libraries. (i) Various PCR primers were designed and used
to amplify a series of partial cDNA fragments of the protein of interest,
which may contain a putative domain. (ii) The fragments are inserted into
pGEX-4T3-PRESAT vector, selected for ORF orientation by restriction
cleavage, and transformed into E. coli for colony isolation. (iii) Deep
96-well format plates are used to culture individual clones to allow ex-
pression of the GST-fusion proteins. (iv) The clone displaying the highest
CDNB assay signal will be selected for further analysis.
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The selection methodology of the PRESAT-vector sys-
tem is generally applicable, because it can be adapted to any
expression vector system of any host strain by conversion
into an asymmetric T-vector using a linker containing the
double AhdI sites. In this study we chose to use the E. coli
GST-fusion expression system (Smith and Johnson 1988),
because of ease of detection of the recombinant fusion pro-
tein in the crude bacterial lysate. The amount of GST-fusion
protein in the soluble cell extract could be readily estimated
using the colorimetric CDNB assay. Although the estima-
tion of soluble fraction of the GST-fusion proteins by
CDNB was not exactly correlating with the one by SDS-
PAGE (Fig. 2B,C), the colorimetric assay is still beneficial
for HTS using a 96-well formatted plate. HTS to select
soluble fusion proteins using a GST-based protein expres-
sion library could result in a large number of false positives
arising from ligated pGEX plasmid with an insert of reverse
orientation, if conventional T-vector methodology had been
applied. However, in our PRESAT-vector system, only the
colonies harboring plasmid-encoding soluble GST-fusion
proteins, but not GST alone, were isolated (>90% effi-
ciency). The ligation background of TA-cloning is known to
be remarkably low, and this feature encouraged us to use the
PRESAT-vector system for an HTS to obtain soluble trun-
cated forms of the protein of interest (Fig. 3). The method
described in this paper can be easily adapted to laboratory
automation using a 96-well plate format and appropriate
robotic liquid handling. Some ideas for obtaining soluble
fusion protein using colorimetric HT'S methods in vivo and
in vitro were proposed, including use of green fluorescent
protein (Waldo et al. 1999; Kawasaki and Inagaki 2001) or
[B-galactosidase (Wigley et al. 2001) as a fusion partner.
However, GST-fusion protein is still more beneficial, be-
cause the affinity purification using GSH beads is easy, the
biochemical in vitro ligand binding study is feasible, and the
expression level in E. coli is sufficiently high for structural
biology such as isotopically labeled NMR sample prepara-
tion.

In conclusion, we have demonstrated the feasibility and
applicability of a PRESAT-vector PCR cloning methodol-
ogy for use in a recombinant fusion protein expression sys-
tem, with high efficiency of ORF orientation selection and
drastic suppression of cost and time for vector construction.
Our PRESAT-vector system has enormous potential for
high-throughput structural and functional proteomics stud-
ies.

Materials and methods

Restriction enzymes Ncol, Ndel, Ahdl (New England Biolabs),
and BamHI (TOYOBO) were used. T4 DNA ligase, Wizard plas-
mid miniprep kit, and Wizard SV DNA gel purification kit (Pro-
mega) were used for ligation and plasmid purification. Oligo-
nucleotide primers were obtained from Hokkaido System Science.
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pGEM-T (Promega), pGEX-4T3 (Amersham Bioscience), and
pET32a (Novagen), respectively, were purchased. For PCR clon-
ing, QUICK-Clone cDNA of mouse spleen and human HeLa cell
(Clontech) were used as a template.

Construction of pGEX-4T3-based asymmetric T-vector

Prior to insertion of the linker producing the 3’ T-overhang site,
the AhdI restriction site internal to the native AmpR gene was
eliminated by introduction of a silent mutation. The 5’ phosphory-
lated primer dGTTATCTACACCACGGGGAGCCAGGCAACT
ATGG was used according to the standard site-directed mutagen-
esis protocol (Zoller and Smith 1987). The primers of dGGATCC
GACCATTGGTCCACCTGACTGACGACAGTTTTGAC [front]
and dGGATCCGACATTTGGTCTTATTAGCCCAGCACCGCCG
[rear] were used to PCR-amplify an ~550-bp DNA fragment from
pET32aPACAP as a template. Note that the 550-bp DNA encoding
thioredoxin was cleaved off from the linearized PRESAT-vector.
The length of this 550-bp DNA was chosen for complete separa-
tion of the linearized PRESAT-vector from the uncleaved vector
on agarose gel. This PCR fragment possesses two BamHI sites
followed by the AhdI sites. The fragment was first subcloned into
pGEM-T vector according to the manufacturer’s instruction. The
DNA sequence was checked before digestion to obtain a 550-bp
BamHI linker fragment. The linker was then ligated into the
unique BamHI site of the modified pGEX-4T3, downstream of the
thrombin cleavage site. The plasmid with the insert of the desired
linker orientation following GST was selected. The vector (2.5 pg)
was linearized with Ahdl (25 U, 37°C for 60 min) to generate the
3'-single overhanging dT sites. Approximately 1.5 g of the lin-
earized pGEX-4T3-PRESAT vector (~5 kbp) was obtained after
gel purification. The product, pGEX-4T3-PRESAT, was used for
further cloning experiments.

Parallel construction of GST-fusion vector
expressing a putative protein domain

Appropriate PCR primers to amplify five MIT domains of
SNX15a (human and mouse) and Vps4b (yeast, mouse, and hu-
man) were designed. The front primers must start with the first
codon of any amino acid in order to match the frame with the
preceding GST, but the 5’ bases must not start with 5'-GG. The
rear primers must contain a stop codon after the putative C-termi-
nal boundary of the domains, and 5’-terminal bases must start with
5'-GG. These bases form the second Ncol site only when the insert
is ligated to give the reverse ORF orientation to pGEX-4T3-
PRESAT. This newly created Ncol site was used for the subse-
quent selection step. A standard PCR was performed using Taq
polymerase (Invitrogen), using a TP240 thermalcycler (TAKARA)
at a 25-pL scale. Two-microliter aliquots were ligated with 100 ng
of linearized pGEX-4T3-PRESAT at 4°C for 16 h. The ligation
mixture was transformed into E. coli DH5alpha, and the bacteria
were grown at 37°C in 2 mL of LB media containing 50 pg/mL
ampicillin for recovery of the plasmids. Aliquots (0.2 pg) of plas-
mid were treated with 10 units of Ncol for 1 h at 37°C. Finally, 10
ng of the digest was transformed into the expression strain E. coli
BL21(DE3), and selected on solid medium containing 50 pg/mL
ampicillin. Isolated single colonies were analyzed in the protein
expression studies.

Expression studies of the GST-fusion proteins

Five clones from each of the five GST-MIT fusion vectors were
grown in LB-glucose medium at 37°C. Expression of the recom-

binant gene was induced with IPTG (1 mM) when the cell density
reached an OD of 0.4. Cells were harvested 3 h after induction, and
the cell extracts were analyzed by SDS-PAGE using a 15% gel.
The cells were broken by sonication in a buffer containing 0.15 M
NacCl and 20 mM Tris-HCI (pH 7.5), centrifuged, and analyzed by
SDS-PAGE. The quantity of GST-MIT fusion protein in the
soluble and insoluble fraction was estimated. The CDNB colori-
metric assay for estimation of the soluble fraction of GST-MIT
fusion proteins was done according to the manufacturer’s instruc-
tion. In brief, 2 pL of the sonicated supernatants was added to 1
mL of CDNB assay buffer containing 1 mM CDNB, 1 mM GSH,
and 0.1 M potassium phosphate buffer (pH 7.5) at room tempera-
ture, and an increase of absorbance at 340 nm was measured.

Preparation of "’N-labeled MIT domain
of mouse Vps4b

For '°N labeling of the fusion protein, GST-MIT(mVps4b), a
starter culture of BL21(DE3) harboring the plasmid pGEX-
PRESAT-MIT(mVps4b), was grown in 2 mL LB containing 50
pg/mL ampicillin at 37°C until the growth was saturated. A 0.1-L
culture of M9 minimal media containing 0.7 g/L '>’N-NH,Cl as the
sole nitrogen source and 4.5 g of glucose was inoculated with 3 mL
of the starter culture, and allowed to grow at 30°C for 16 h, and
then inoculated into 0.9 L of the same '*N-enriched M9 media.
Expression of the recombinant gene was induced with IPTG (1
mM) when the cell density reached an OD of 0.4. Cells were
harvested 6 h after induction. The cells were pelleted, resuspended
in 50 mL of lysis buffer, broken by sonication, and centrifuged to
remove insoluble cellular debris. Supernatant was passed to glu-
tathione-Sepharose Fast Flow column (Amersham Bioscience),
and GST-MIT fusion protein was purified by affinity chromatog-
raphy according to the manufacturer’s instruction. Then the fusion
protein was treated by bovine thrombin (Amersham Bioscience) at
25°C for 20 h. One hundred fifty units of the enzyme were used
against fusion protein from 1 L culture media. The MIT domain
was further purified by anion exchanging chromatography as an
approximately single band on SDS-PAGE. Typically, 6 mg of
purified MIT domain was obtained from 1 L culture of '’N-en-
riched M9 media.

NMR spectroscopy

NMR experiments were performed on a Bruker Avance DRX 500-
MHz NMR spectrometer equipped with a cryogenic triple reso-
nance probe and Z-axis pulsed filed gradients. The NMR sample
contained 1.3 mg of '>N-MIT(mVps4b) dissolved in 300 wL. NMR
buffer containing 50 mM NaCl, 25 mM sodium phosphate buffer
(pH 5.5), and 2% glycerol. 'H-'>N HSQC spectra (Neri et al.
1989) was acquired with eight transients and 256 increments ac-
cording to echo-antiecho method (Palmer et al. 1991; Kay et al.
1992) at 25°C, and processed with nmrPipe (Delaglio et al. 1995).

Electronic supplemental material

An example of "H-'>N HSQC spectra of a purified MIT domain of
mouse Vps4b obtained by this method is available.
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